UROCORTINS 1, 2, AND 3 (Ucn1, 2, and 3) belong to the corticotropin-releasing factor (CRF) superfamily of peptides. The heart contains a local urocortin system. Cardiomyocytes produce urocortins and express their cognate CRF receptors (21) . Urocortins exert powerful actions on cardiac function in normal as well as failing hearts, consisting of dilation of the coronary vessels, increased cardiac output, decreased peripheral resistance, and a positive chronotropic, inotropic, and lusitropic effect (1, 5, 13, 17, 37, 41, 44) . However, the precise physiological and pathophysiological roles of the cardiac urocortin system are incompletely understood. Therefore, a detailed understanding of the function and regulation of the cardiac urocortin system is necessary to evaluate its roles in health and disease.
Ucn2 binds to a G protein-coupled receptor, CRFR 2 (10), which is expressed in the heart (21) . CRFR 2 couples to G s proteins and elevates cAMP concentration via stimulation of adenylyl cyclases. In rabbit, rat, and mouse cardiomyocytes, activation of CRFR 2 by Ucn1 or Ucn2 exerts a cAMP-and Ca 2ϩ -dependent positive inotropic and lusitropic effect (5, 42, 43) . The underlying mechanisms involve cAMP/PKA-dependent stimulation of L-type Ca 2ϩ current, elevated sarcoplasmic reticulum Ca 2ϩ content and increased intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) transients. A possible contribution of protein kinase C (PKC) and the extracellular signal-regulated kinase 1/2 (ERK1/2) to the Ucn1-induced stimulation of L-type Ca 2ϩ current was observed in rat ventricular myocytes (36) . These cellular effects on isolated cardiomyocytes may, at least in part, explain the cardiostimulatory effects of urocortins in vivo.
In addition to the cAMP-PKA pathway, urocortins may also activate mitogen-activated protein kinases (MAPK), in particular p38-MAPK, ERK1/2 (or p44/42-MAPK), and its upstream kinase MAPK kinase 1/2 or MEK1/2 (16) , as well as phosphatidylinositol 3-kinase (PI3K) (4) . PI3K causes activation of protein kinase B/Akt via phosphoinositide-dependent kinase (PDK)-mediated phosphorylation at Ser473 and Thr308 (6) . Urocortin-dependent activation of PI3K-PDK-Akt signaling has been implicated in the protective effects of the peptide against ischemia-reperfusion injury (3, 4) . PI3K-PDK-Akt signaling stimulates nitric oxide (NO) production via Akt-dependent phosphorylation of endothelial NO synthase (eNOS) at Ser1177 (12, 29) . NO plays an important role in the regulation of excitation-contraction coupling in cardiomyocytes (15) . Furthermore, NO signaling has been implicated in the Ucn2-induced relaxation of coronary arteries (17) and the increase in coronary blood flow (13) . In endothelial cells, Ucn2 induced a large increase in eNOS-mediated NO production caused by activation of several kinase pathways (14) . In cardiomyocytes, however, direct evidence for urocortin-induced stimulation of NO synthases and its role in excitation-contraction coupling is lacking. Moreover, urocortin-dependent activation of eNOS in cardiomyocytes has not been demonstrated to date and the role of this signaling cascade for the functional effects of urocortins in cardiomyocytes remains elusive.
Another important yet largely unexplored issue is whether there is functional cross talk between the various signaling cascades activated by urocortins. For example, cAMP-PKAdependent enhancement of [Ca 2ϩ ] i transients likely alters the activity of Ca 2ϩ -dependent enzymes, e.g., via Ca 2ϩ /calmodulin. eNOS activity is Ca 2ϩ /calmodulin-dependent and regulated via phosphorylation of Ser1177. In endothelial cells, several kinases may be involved in the regulation of eNOS phosphorylation at Ser1177 (14, 29) , but thus far cardiac studies have been restricted largely to the PI3K-PDK-Akt pathway.
We hypothesized that, in ventricular myocytes, Ucn2 may stimulate cellular NO production and aimed at identifying the underlying signaling pathways and their possible cross talk. Using confocal NO imaging and phosphorylation studies in rabbit ventricular myocytes, we demonstrate that Ucn2 stimulates cellular NO production via activation of PI3K-PDK-Akt and cAMP-PKA signaling and that the two pathways converge on eNOS phosphorylation at Ser1177. By contrast, MEK1/2-ERK1/2 signaling, while also activated by Ucn2, is not involved in the regulation of eNOS phosphorylation at Ser1177.
METHODS
Isolation of ventricular myocytes. Rabbits were anesthetized using thiopental (50 mg/kg) or pentobarbital (50 mg/kg) applied via the ear vein. Deep anesthesia was confirmed by loss of the eyelid and pain reflexes. The heart was quickly excised and ventricular myocytes were isolated by a standard collagenase-based Langendorff perfusion protocol (33) . The investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and was approved by local animal welfare authorities.
Immunoblot studies. Ventricular myocytes were plated on culture dishes at a density of ϳ5 ϫ 10 5 in 5 ml M199 medium supplemented with 5 mM taurine, 0.4 mM L-glutamine, 5 mM DL-carnitine, 5 mM DL-creatine, and penicillin/streptomycin. Following attachment for 1-2 h, myocytes were treated with Ucn2 (100 nM), a maximally effective concentration, as determined in a previous study (42) . Furthermore, this also allows for direct comparison with previous studies from our laboratories (40, 42, 43) . Pharmacological inhibitors were applied 30 min before Ucn2 exposure. Ucn2 was applied for 30 min in these experiments. In each series of experiments, one dish remained untreated and served as control. Following incubation with Ucn2 Ϯ inhibitors (i.e., U0126, H89, wortmannin, and LY294002), myocytes were washed with PBS and homogenized in ice-cold homogenization buffer [137 mM NaCl, 20 mM NaF, 1 mM Na 3VO4, 1 mM Na 4P2O7, 50 mM ␤-glycerol phosphate, 20 mM Tris·HCl (pH 7.4), 10 mM EDTA (pH 8), 1 mM EGTA (pH 7), 1 mM phenylmethylsulphonyl fluoride, 4 g/ml aprotinin, 4 g/ml leupeptin, 4 g/ml pepstatin A, 1% (vol/vol) NP40, and 10% (vol/vol) glycerol]. The resulting suspension was centrifuged at 14,000 g and 4°C for 5 min. The supernatant was used for SDS-PAGE and immunoblotting.
Equal amounts of protein were loaded onto the gel and separated by SDS-PAGE using 10% Tris/SDS gels. Proteins were transferred to nitrocellulose membranes, blotted overnight at 4°C and 150 mA/cm 2 , fixed, and stained by PonceauS solution (Sigma). Afterwards, membranes were incubated [1 h, room temperature (RT)] in blotting buffer [170 mM NaCl, 10 mM Tris, and 0.1% (vol/vol) Tween 20 (pH 7.5), supplemented with 5% (wt/vol) dry milk]. Blots were incubated overnight at 4°C with primary antibodies: rabbit polyclonal anti-phospho-Akt (Ser473; 1:1,000; Cell Signaling), rabbit polyclonal anti-phospho-Akt (Thr308; 1:1,000; Cell Signaling), rabbit polyclonal anti-phospho-eNOS (Ser1177; 1:750; Cell Signaling), mouse monoclonal anti-phospho-p44/42-MAPK (Thr202/ Tyr204) antibody (1:7,000), or mouse monoclonal anti-GAPDH (1: 40,000; Bio-Trend). Membranes were washed three times with blotting buffer and then incubated (1 h, RT) with secondary antibodies (donkey anti-rabbit Ig-HRP-linked antibody, 1:3,000; or sheep antimouse IgG-HRP-linked antibody, 1:10,000; Amersham). Finally, membranes were washed four times in blotting buffer. Enhanced chemiluminescence was used for immunodetection. Developed immunoblots were quantified by densitometry.
Afterwards, blots were stripped by washing membranes with distilled water (4 min), 0.2 M NaOH (8 min), and distilled water (4 min) or stripping buffer [0.2 M glycine, 0.1% SDS, 1% (vol/vol) Tween-20, pH 2.2] to remove all antibodies. Blots were incubated overnight at 4°C with new primary antibodies: rabbit polyclonal anti-Akt (1:1,000; Cell Signaling), rabbit polyclonal anti-eNOS (1:1,000; Santa Cruz), or rabbit polyclonal anti-p44/42-MAPK antibody (1:1,000; Cell Signaling, Beverly, MA). All other steps were as described above.
Akt kinase activity. Ventricular myocytes were plated on culture dishes and treated with Ucn2 Ϯ inhibitors as described in the immunoblot study part. Following incubation with Ucn2, Ucn2 ϩ astressin-2B, or Ucn2 ϩ wortmannin, cells were lysed using the same homogenization buffer as for immunoblotting. The resulting suspension was centrifuged at 14,000 g for 15 min. The supernatant was used to measure Akt activity using an Akt kinase assay kit (Enzo Life Science; cat no: ADI-EKS-400A) according to the manufacturer's instructions. Absorbance at 450 nm was measured with a multimode plate reader (type Synergy Mx; BioTek, Winooski, VT). The protein assay was used to determine the concentration of protein used in the Akt assay kit. Absorbance was normalized to protein concentration.
Measuring DAF-FM fluorescence (NO) and cell shortening. Isolated ventricular myocytes were plated on laminin-coated, glassbottomed culture dishes. Two-dimensional (2D) confocal imaging was performed as described previously (23, 24) Fig. 6B) .
Conversion of DAF-FM fluorescence intensity into the rate of NO production. NO does not dissociate from DAF-FM once it has reacted with the dye, i.e., NO binds irreversibly to DAF-FM. The detected NO-sensitive DAF-FM fluorescence, therefore, primarily represents the cumulative amount of NO produced within the cardiomyocytes. To more accurately present the time-dependent NO production in our cells, we performed a conversion of the DAF-FM fluorescence into the rate of the DAF-FM fluorescence change (45) . To estimate the rate of NO production, the difference of the normalized DAF-FM fluorescence (⌬F/F 0) between two time points was divided by the time interval.
cGMP and cAMP measurements. cGMP and cAMP concentrations in isolated rabbit ventricular myocytes were determined by means of radioimmunoassay as described previously for endothelial cells (35) . Ventricular myocytes were plated on culture dishes coated with laminin at a density of 3-5 ϫ For determination of cGMP levels, 100-l aliquots of the cell lysates were incubated at 4°C overnight with 200 l of 50 mM sodium acetate buffer, pH 4.85, containing 125 I-labeled 2=-O-succinyl guanosine-3=,5=-cyclic monophosphate-L-tyrosine methyl ester [10,000 -20,000 counts/min, prepared as described previously (34)], rabbit polyclonal anti-cGMP antibody (1:2,000, generated in our own laboratory), and ␥-globulins from bovine blood (5 mg/ml). Following ethanol precipitation, samples were centrifuged (30 min at 5,000 g) and radioactivity of the pellets was measured with a gamma spectrometer. For quantitating cAMP, an identical protocol was used with the exception that the immunoreaction was performed in 50 mM imidazole buffer (pH 7.0) and 125 I-labeled 2=-O-succinyl adenosine-3=,5= cyclic monophosphate-L-tyrosine methyl ester, and rabbit polyclonal anti-cAMP antiserum was used as radioactive antigen and antibody, respectively. Intracellular cGMP and cAMP concentrations were calculated assuming a volume of 30 pl for a single rabbit ventricular myocyte (32) . Then, the volume of 5 ϫ 10 5 ventricular myocytes amounts to 15 l and lysis in 0.3 ml 0.01 N HCl represents a dilution of 1:20. Hence, cGMP and cAMP concentrations as determined in the RIA were multiplied by 20 to yield the final intracellular concentration of the cyclic nucleotides (as presented in Fig. 7) .
Drugs. Ucn2 (mouse), ODQ, and 1,
, and wortmannin were purchased from Calbiochem, and SNO was obtained from Invitrogen, and astressin-2B was from Tocris.
Statistics. Data are presented as means Ϯ SE. Differences between data sets were evaluated by ANOVA, nonparametric Wilcoxon signed rank test, or Student's t-test and considered significant at P Ͻ 0.05.
RESULTS

Ucn2 increases phosphorylation of Akt, eNOS, and ERK1/2
in a time-dependent manner. eNOS-dependent NO production may be stimulated by phosphorylation of eNOS through Akt (8) . Akt is activated through phosphorylation at Ser473 and Thr308 (39). Thus we studied whether Ucn2 increased phosphorylation of Akt at Ser473 and Thr308. Rabbit ventricular myocytes were left untreated [control (Ctrl)] or exposed to a maximally effective concentration of Ucn2 (100 nM) (42) for 5, 10, 15, and 30 min (Fig. 1 ). Ucn2 increased phosphorylation of Akt at Ser473 (Fig. 1A ) and at Thr308 (Fig. 1B) in a time-dependent manner. Phosphorylation was quantified as the ratio of phosphorylated to total Akt and normalized to the untreated control. Following Ucn2 exposure, phosphorylation at Ser473 increased progressively and was maximal after 30 min (Fig. 1A , ϳ80% above Ctrl). Phosphorylation at Thr308 was also increased by Ucn2 and displayed a somewhat earlier and broader maximum between 10 -30 min (Fig. 1B, ϳ50% above Ctrl).
Akt stimulates eNOS by phosphorylation at Ser1177 (8) . We thus assessed whether Ucn2 increased eNOS phosphorylation at Ser1177 (Fig. 1C) . Ucn2 increased phosphorylation of eNOS in a time-dependent manner. Phosphorylation increased progressively with a maximum after 10 -30 min (Fig. 1C, ϳ100% above Ctrl). These results are consistent with the notion that, in rabbit ventricular myocytes, Ucn2 induces eNOS phosphorylation via Akt.
MEK1/2-ERK1/2 signaling has also been implicated in the functional and protective effects of Ucn1 in rat cardiomyocytes (3, 5, 36 ). Thus we studied whether Ucn2 stimulates MEK1/ 2-ERK1/2 signaling in rabbit ventricular myocytes using MEK1/2-mediated phosphorylation of ERK1/2 at Thr202/ Tyr204 as readout. As shown in Fig. 1D , Ucn2 also increased ERK1/2 phosphorylation at Thr202/Tyr204 by a factor of ϳ2.5. The time course of ERK1/2 phosphorylation was different from the time course of Akt and eNOS phosphorylation though. Maximal phosphorylation of ERK1/2 occurred already after 5-15 min, and, afterwards, ERK1/2 phosphorylation started to decline (Fig. 1D) .
Previously, it was shown that Ucn2 mediates positive inotropic and lusitropic effects in ventricular myocytes via activation of the cAMP-PKA pathway (42, 43) . This demonstrates, in conjunction with the current results ( Fig. 1) , that Ucn2 activates at least three distinct signaling pathways in rabbit ventricular myocytes: Akt, MEK1/2-ERK1/2, and cAMP-PKA signaling. The following experiments, therefore, were designed to study the putative role and potential cross talk of these different signaling pathways in Ucn2-mediated phosphorylation of eNOS and stimulation of eNOS-mediated NO production in ventricular myocytes. 2 . First, we studied the concentration dependence of Ucn2-induced phosphorylation of Akt. Myocytes were treated with 1, 10, and 100 nM Ucn2 for 30 min. Ucn2 induced a concentration-dependent increase in Akt phosphorylation at Ser473 that was maximal at 10 -100 nM Ucn2 (Fig. 2A) . This concentration dependence is consistent with our previous study in rabbit ventricular myocytes (42) . Based on these data, we used a Ucn2 concentration of 100 nM for the remainder of the study to achieve maximal stimulation of Ucn2-induced signaling pathways and to allow for better comparison with previous studies of Ucn actions on adult cardiac myocytes, e.g., Refs. 36, 40, 42, 43.
Ucn2 increases phosphorylation of Akt in a concentrationdependent manner and increases Akt kinase activity via activation of CRFR
Next, we tested whether Ucn2-induced phosphorylation of Akt also increased Akt kinase activity. As shown in Fig. 2B , Ucn2 (100 nM) induced a ϳ50% increase in Akt kinase activity, which was blocked by astressin-2B (Ast-2B; 1 M), a selective antagonist of CRFR 2 , and by wortmannin (Wort; 0.3 M), an inhibitor of PI3K. These data indicate 1) that increased phosphorylation of Akt by Ucn2 results in an increase in Akt kinase activity, and 2) that Ucn2 acts via activation of CRFR 2 , which, in turn, stimulates PI3K signaling (see also below).
Effects of MEK1/2 inhibition on Ucn2-induced phosphorylation of Akt and eNOS.
Next, we investigated the potential role of MEK1/2-ERK1/2 signaling for the Ucn2-induced phosphorylation of Akt and eNOS. To block MEK1/2-ERK1/2 signaling, we used U0126, an inhibitor of MEK1/2 (9). In the presence of U0126 (10 M), Ucn2-mediated ERK1/2 phosphorylation was almost completely abolished (Fig. 3A) , confirming the efficacy of the inhibitor. Inhibition of ERK1/2 phosphorylation by U0126, however, did not affect basal (n ϭ 4, data not shown) or Ucn2-induced phosphorylation of Akt at Ser473 (Fig. 3B) nor Ucn2-induced phosphorylation of eNOS at Ser1177 (Fig. 3C) . These results suggest that MEK1/2-ERK1/2 signaling is not involved in either Akt or eNOS phosphorylation stimulated by Ucn2. Fig. 1 . Urocortin 2 (Ucn2) elicits a timedependent increase in phosphorylation of Akt, endothelial nitric oxide synthase (eNOS), and ERK1/2. Original immunoblots (top) and average data (bottom) of Ucn2-induced changes in phosphorylation of Akt at Ser473 (A; n ϭ 11) and at Thr308 (B; n ϭ 8), of eNOS at Ser1177 (C; n ϭ 8), and of ERK1/2 at Thr202/Tyr204 (D; n ϭ 9). Phosphorylation of Akt, eNOS, and ERK increased in a time-dependent manner. Average data of the ratio of phosphorylated to total Akt, eNOS, and ERK1/2 were normalized to the untreated control (Ctrl). *P Ͻ 0.05 and **P Ͻ 0.01 vs. Ctrl.
Inhibition of PI3K reduces Ucn2-mediated phosphorylation of Akt and eNOS. Akt may be phosphorylated at Ser473 and Thr308 by PI3K-PDK signaling (6), which may be stimulated by CRFR 2 -mediated activation of G␤␥ proteins. To determine whether PI3K-PDK signaling underlies the Ucn2-induced phosphorylation of Akt, we used wortmannin and LY294002, two structurally different inhibitors of PI3K (Fig. 4A) . Wortmannin (0.3 M) tended to reduce basal phosphorylation of Akt at Ser473 (to 63 Ϯ 23% of Ctrl, n ϭ 4, P ϭ NS, data not shown). It completely prevented the Ucn2-induced phosphorylation of Akt at Ser473 and LY294002 (LY, 10 M) reduced it by ϳ60%. Furthermore, wortmannin also suppressed Ucn2-induced phosphorylation of Akt at Thr308 (Fig. 4C ) and phosphorylation of eNOS at Ser1177 (Fig. 4D) . Thus, in rabbit ventricular myocytes, Ucn2 activates PI3K-PDK signaling to phosphorylate Akt (at Ser473 and Thr308), which increases Akt kinase activity ( Fig. 2A) to phosphorylate eNOS (at Ser1177).
Inhibition of PKA reduces Ucn2-mediated phosphorylation of eNOS but not of Akt. Besides the PI3K-PDK-Akt-dependent eNOS phosphorylation, a cAMP-PKA-Akt-dependent phosphorylation of eNOS has been described in coronary microvessels (46) . Since Ucn2 also stimulates cAMP-PKA signaling in ventricular myocytes (42, 43) , we sought to determine a putative contribution of this pathway to the Ucn2-induced phosphorylation of Akt and eNOS in rabbit ventricular myocytes. For this purpose, PKA activity was inhibited by H89 (5 M).
In the presence of H89, basal phosphorylation of Akt at Ser473 (n ϭ 4, data not shown) as well as Ucn2-mediated phosphorylation of Akt at Ser473 and Thr308 remained unchanged (Fig.  4, B and C) . By contrast, H89 almost completely abolished the Ucn2-induced increase in eNOS phosphorylation at Ser1177 (Fig. 4D) . This suggested that Ucn2 mediates phosphorylation of eNOS at Ser1177 in cardiac myocytes by at least two separate mechanisms: activation of PI3K-PDK-Akt and cAMP-PKA signaling.
Direct stimulation of cAMP-PKA signaling increases phosphorylation of eNOS but not of Akt. To determine whether cAMP-PKA signaling stimulates eNOS directly, as suggested by the previous set of experiments, ventricular myocytes were challenged with forskolin, a direct activator of adenylyl cycla- Fig. 2 . Ucn2 elicits a concentration-dependent increase in phosphorylation of Akt and increases Akt kinase activity via activation of corticotropin-releasing factor 2 receptors (CRFR2). A: original immunoblots (top) and average data (bottom) of changes in phosphorylation of Akt at Ser473 induced by 1, 10, and 100 nM Ucn2 (n ϭ 3). Average data of the ratio of phosphorylated to total Akt were normalized to the untreated Ctrl. B: Ucn2-induced increase in Akt activity. Average data of Ucn2 (100 nM)-induced changes in Akt kinase activity (n ϭ 5) in the absence (Ucn2) and presence of astressin-2B (Ast-2B; 1 M) or wortmannin (Wort; 0.3 M). Absorbance at 450 nm was normalized to protein concentration. *P Ͻ 0.05 and **P Ͻ 0.01 vs. Ctrl. Fig. 3 . Effects of MEK1/2 inhibition by U0126 on Ucn2-induced phosphorylation of ERK1/2, Akt, and eNOS. Myocytes were treated for 30 min with Ucn2 (100 nM) in the absence (Ucn2) and presence of 10 M U0126 (ϩU0126). In A, Ucn2 was applied for 30, 60, and 120 min (Ucn2, from left to right). Original immunoblots (top) and average data (bottom) of the ratio of phosphorylated to total protein normalized to the untreated Ctrl from 7-8 independent experiments are shown. *P Ͻ 0.05 and **P Ͻ 0.01 vs. Ctrl.
ses, to elicit a receptor-independent, selective elevation of [cAMP] i with subsequent stimulation of PKA. Cells were treated with forskolin for 30 min to allow for direct comparison with Ucn2. A maximally effective concentration of forskolin (10 M) was unable to increase phosphorylation of Akt at Ser473 (Fig. 5, left) . By contrast, forskolin caused a large increase in phosphorylation of eNOS at Ser1177 (Fig. 5, right) . These results demonstrate that, in rabbit ventricular myocytes, direct stimulation of cAMP-PKA signaling causes phosphorylation of eNOS at Ser1177 but not of Akt.
Ucn2 stimulates cellular NO production. Phosphorylation of eNOS at Ser1177 causes stimulation of enzyme activity (8), which should lead to an increase in cellular NO production.
Thus we tested whether Ucn2 mediates an enhancement in NO production in rabbit ventricular myocytes.
[NO] i was measured directly using the NO-sensitive dye DAF-FM and confocal microscopy (Fig. 6A ). Under control conditions, i.e., in the absence of Ucn2, DAF-FM fluorescence remained unchanged (Fig. 6A, left) . By contrast, in the presence of Ucn2 (Fig. 6A,  right) , DAF-FM fluorescence increased progressively indicating stimulation of cellular NO production by Ucn2. To quantify the NO increase, the DAF-FM fluorescence in the presence of Ucn2 (F) was normalized to the level of fluorescence recorded before Ucn2 exposure (F 0 ) (Fig. 6C, top) . Within 20 min, Ucn2 increased normalized DAF-FM fluorescence by 41 Ϯ 6% (P Ͻ 0.01 vs. Ctrl). The rate of change of DAF-FM fluorescence [(⌬F/F 0 )/min], a measure for NO production, is shown in Fig. 6C , middle. It revealed a significant Ucn2-induced increase to 0.025 Ϯ 0.004 (⌬F/F 0 )/min after 12 min, which remained stable over the following 8 min. The plateau indicates that cellular NOS activity was increased by Ucn2 and reached a constant rate of NO production. The increase in NO production was accompanied by an increase in fractional shortening of 36 Ϯ 6% with a similar time course (Fig. 6C, bottom) . Fractional shortening was determined as illustrated in Fig. 6B . In untreated control cells, on the other hand, neither the normalized DAF-FM fluorescence (Fig. 6C, top) nor the rate of NO production (Fig. 6C, middle) changed significantly over the 20-min observation period. Furthermore, during the same time interval a small decrease in fractional shortening of 12 Ϯ 4% was observed (Fig. 6C, bottom) . These results are consistent with the time-dependent eNOS phosphorylation induced by Ucn2 (see Fig. 1C ). They indicate that Ucn2 increases cellular NO production in rabbit ventricular myocytes, presumably via Akt-and PKA-dependent phosphorylation of eNOS, and that the increase in cellular NO production is accompanied by a positive inotropic effect.
Ucn2 increases cGMP and cAMP concentration. As increased NO production should augment [cGMP] i via stimulation of sGC, we tested for increased [cGMP] i following Ucn2 exposure (Fig. 7A ). Ucn2 increased [cGMP] i to 567% of control. A NO donor, SNO (100 M), increased [cGMP] i to 930% of control, in line with the augmented increase in DAF-FM fluorescence (compare Fig. 8C ). Ucn2-and SNOinduced increases in [cGMP] i were reduced by ODQ (10 M), an inhibitor of sGC. ODQ inhibited the Ucn2-induced NO increase only partially. A possible explanation might be that, in addition, Ucn2 could have stimulated particulate GC, e.g., via stimulation of ANP and/or BNP release as previously demonstrated in neonatal cardiomyocytes (19) . Taken together, these data demonstrate that Ucn2 increased [cGMP] i in part via NO-mediated stimulation of sGC.
As this and a previous study (42) (Fig. 7B) indeed revealed a large increase in this cyclic nucleotide following Ucn2 exposure. The Ucn2-induced increase in [cAMP] i was neither inhibited by ODQ nor mimicked by SNO.
Ucn2-induced stimulation of cellular NO production is attenuated by inhibition of eNOS or inhibition of PKA plus PI3K.
To determine whether the Ucn2-induced NO increase was mediated by eNOS, two different inhibitors, L-NAME and L-NIO, were used. In the presence of either L-NAME (1 mM) or L-NIO (10 M), the Ucn2-induced increase in DAF-FM fluorescence was significantly attenuated (Fig. 8A) . To exclude the possibility that the reduced Ucn2-induced [NO] i increase was caused by a lack of responsiveness of DAF-FM, in L-NIO-treated cells, a NO donor, SNO (100 M), was added after 20 min of exposure to Ucn2. As shown in the original example in Fig. 8C , SNO elicited a large increase in DAF-FM fluorescence. On average, over 6 min, SNO elevated DAF-FM fluorescence to 60 Ϯ 14% above the baseline at 20 min (not shown). The inhibition of the Ucn2-induced NO increase by L-NAME and L-NIO was associated with a significantly reduced rate of NO production [ Fig. 8B ; 0.009 Ϯ 0.01 (⌬F/F 0 )/ min and 0.0075 Ϯ 0.005 (⌬F/F 0 )/min for L-NAME and L-NIO, respectively, after 20-min exposure to Ucn2]. In addition, the positive inotropic effect of Ucn2 was suppressed in the presence of the NOS inhibitors (Fig. 8D) .
Since both PI3K-PDK-Akt and cAMP-PKA signaling are able to cause phosphorylation of eNOS at Ser1177, we tested whether inhibition of these two pathways could attenuate Ucn2-induced stimulation of cellular NO production. LY294002 (10 M) and H-89 (1 M) were used to inhibit PI3K and PKA, respectively. Under basal conditions, the two inhibitors, applied either alone or in combination (n ϭ 3-4, data not shown), caused a small reduction of DAF-FM fluorescence of ϳ1-10% and a reduction of fractional shortening of ϳ15-25% (within 14 min), similar to what was observed in untreated control myocytes (compare Fig. 6C ). In the presence of LY294002 plus H-89, the Ucn2-induced increase in DAF-FM fluorescence was reduced by ϳ50% (Fig. 8A) . The rate of NO production was likewise significantly decreased and reached a plateau already after 4 min [Fig. 8B , ϳ0.010 (⌬F/ F 0 )/min], revealing that NOS activity was significantly blunted. Moreover, also the positive inotropic effect of Ucn2 was suppressed by inhibition of PI3K and PKA (Fig. 8D) . These results suggest that PI3K-PDK-Akt as well as cAMP-PKA signaling are important mediators of the Ucn2-induced increase in eNOS activity and cellular NO production.
DISCUSSION
Ucn2 exerts powerful actions on cardiac function consisting of dilation of coronary vessels, enhanced cardiac output, and a positive inotropic and lusitropic effect in normal as well as in failing hearts (1, 7, 13, 31, 41, 44) , but the cellular mechanisms underlying these effects are incompletely understood. Previous studies on ventricular myocytes from rabbit, rat, and mouse heart have unraveled some of the underlying cellular mechanisms, including Ucn2-induced activation of cAMP-PKA and Ca 2ϩ /calmodulin-CaMKII signaling (42, 43) and Ucn1-induced activation of PKC-ERK1/2 signaling (36). The present study extends these findings and shows, for the first time in cardiac myocytes, that Ucn2 also stimulates eNOS-mediated NO and cGMP signaling. Moreover, it provides a detailed and of eNOS at Ser1177 (right; n ϭ 9). Average data of the ratio of phosphorylated to total Akt and eNOS were normalized to the untreated Ctrl. **P Ͻ 0.01 vs. Ctrl. molecular view on how stimulation of NO signaling in cardiomyocytes is brought about: two separate pathways activated by Ucn2, i.e., cAMP-PKA and PI3K-PDK-Akt signaling, converge on eNOS to increase phosphorylation of this enzyme at Ser1177 with consequent stimulation of eNOS activity and intracellular NO production. MEK1/2-ERK1/2 signaling, while also activated by Ucn2, is not involved in cardiomyocyte NO signaling.
MEK1/2-ERK1/2 signaling is activated by Ucn2 but is not involved in stimulation of NO signaling in ventricular myocytes.
Previous studies have shown that urocortins can activate MEK1/2-ERK1/2 signaling. In rat cardiomyocytes, Ucn1-induced activation of MEK1/2-ERK1/2 signaling has been implicated in stimulation of the L-type Ca 2ϩ current (36) and the positive inotropic effect (5) . In neonatal cardiac myocytes and ex vivo Langendorff hearts, MEK1/2-ERK1/2 signaling activated by Ucn1 or Ucn2 has been shown to be protective in models of ischemia and reperfusion injury (2, 3). Finally, in endothelial cells Ucn1 induced phosphorylation of ERK1/2, which, together with PI3K-Akt and p38-MAPK, was involved in phosphorylation of eNOS at Ser1177 (14) . Here, we have shown that Ucn2 activates MEK1/2-ERK1/2 signaling in rabbit ventricular myocytes. Activation of this MAPK pathway by Ucn2 was transient with phosphorylation of ERK1/2 being maximal after 10 min and returning to baseline values after 30 min of exposure to Ucn2. This time course resembled the one previously seen in neonatal cardiac myocytes (2) . It was clearly different from the time course of Ucn2-induced Akt and eNOS phosphorylation. Together with the fact that inhibition of MEK1/2-ERK1/2 signaling by U0126 did not affect Akt or eNOS phosphorylation, it indicates that MEK1/ 2-ERK1/2 signaling is not involved in Ucn2-induced NO signaling in cardiac myocytes. This observation is at variance with results from porcine aortic endothelial cells (14) and suggests differential signaling of urocortins in cardiac myocytes vs. endothelial cells. Thus, while being activated by Ucn2, MEK1/2-ERK1/2 signaling does not contribute to eNOS-mediated NO signaling in cardiac myocytes.
Ucn2 activates PI3K-PDK-Akt and cAMP-PKA signaling separately to mediate phosphorylation of eNOS at Ser1177.
The activity of Akt is regulated by PI3K-PDK-dependent phosphorylation of Ser473 and Thr308 (39) . Phosphorylation of both amino acids is regulated independently and required for full activation of the kinase (6). This study demonstrates the time-dependent Ucn2 induced phosphorylation of Akt at Ser473 as well as at Thr308 in rabbit ventricular myocytes (Fig. 1 ). Phosphorylation at both sites was suppressed by PI3K inhibitors wortmannin and LY294002 (Fig. 4) , indicating that Ucn2 activated PI3K-PDK signaling to phosphorylate Akt. Furthermore, phosphorylation of Akt resulted in an increase in Akt kinase activity (Fig. 2) .
Previous studies have demonstrated that Ucn2 activates cAMP-PKA signaling in cardiac myocytes, including rabbit ventricular myocytes (2, 5, 18, (42) (43) (44) . Here we investigated whether there is cross talk between PI3K-PDK-Akt and cAMP-PKA signaling in rabbit ventricular myocytes. Such cross talk has been reported previously in cardiac myocytes. In rat ventricular myocytes, PI3K (which did not exert any effects on its own) confined ␤ 2 -adrenergic receptor (AR) signaling to the sarcolemma (20) . Inhibition of PI3K during concurrent ␤ 2 -AR activation resulted in enhanced phosphorylation of phospholamban and contraction, effects presumably mediated by a phosphatase preventing phosphorylation of nonsarcolemmal proteins involved in sarcoplasmic reticulum Ca 2ϩ handling and contraction (20) . ␤ 1 -AR signaling also activated PI3K, which limited the cAMP-PKA-dependent positive inotropy, an effect mediated via inhibition of L-type Ca 2ϩ current (26) . In neonatal rat cardiomyocytes, activation of ␤-ARs caused PKAdependent phosphorylation of Akt at both Thr308 and Ser473 to modulate insulin receptor signaling pathways (28) . None of these studies, however, investigated the effects of PI3K-PDKAkt and cAMP-PKA signaling on eNOS stimulation.
The results of the current study are summarized in Fig. 9 . They indicate that Ucn2-CRFR 2 signaling, similar to ␤-AR signaling, activates the PI3K-PDK-Akt (through G␤␥) and the cAMP-PKA pathway (through G␣ s ). Both pathways cause phosphorylation of eNOS at Ser1177. Via cAMP-PKA signaling Ucn2 also increases intracellular [Ca 2ϩ ] i transients in rabbit ventricular myocytes (42) , and this is expected to stimulate eNOS activity via Ca 2ϩ /calmodulin (Ca/CaM) binding to the enzyme. A recent study in coronary microvessels also reported that PKA increased cellular NO production (46) . However, in that study PKA acted indirectly via increased phosphorylation of Akt, similar to what was observed in neonatal cardiomyocytes (28) . We did not find any evidence for such a mechanism in rabbit ventricular myocytes as Ucn2-dependent phosphorylation of Akt was insensitive to PKA inhibition (Fig. 4) and direct stimulation of cAMP-PKA signaling (by forskolin) did not increase Akt phosphorylation (Fig. 5) . Therefore, unlike ␤-AR signaling in neonatal cardiomyocytes and forskolin-induced activation of PKA in coronary microvessels, which both may cause PKA-dependent phosphorylation of Akt, Ucn2 signaling in ventricular myocytes involves separate activation of the PI3K-PDK-Akt and cAMP-PKA pathways. Both pathways do not appear to interact directly but converge on eNOS phosphorylation at Ser1177.
The phosphorylation at Ser1177 by Akt and PKA (and other kinases) represents a major mechanism for the activation of eNOS (8, 12, 29) . The constitutively expressed eNOS is a main source for NO production in cardiac myocytes, and NO plays an important role in the regulation of cardiac excitationcontraction coupling (15, 27) . It was shown previously that Ucn2 leads to phosphorylation of eNOS at Ser1177 in endothelial cells (14) . The authors concluded that "urocortin II caused a cAMP-dependent and Ca 2ϩ -related phosphorylation of ERK, Akt and p38 leading to eNOS activation" (14) . The present study revealed, for the first time, Ucn2-dependent phosphorylation of eNOS at Ser1177 in ventricular myocytes. In line with endothelial cells, we found involvement of cAMP-PKA and Akt signaling in Ucn2-dependent phosphorylation of eNOS. At variance with the studies on endothelial cells, however, there was no cross talk between cAMP-PKA and Akt signaling in cardiac myocytes but rather separate activation of both pathways by Ucn2. Furthermore, ERK was not involved in phosphorylation of eNOS in cardiac myocytes nor in the phosphorylation of Akt. Thus there appear to be important differences between endothelial cells and cardiac myocytes with regard to the signaling pathways activated by Ucn2 and how they interact with each other.
Ucn2 stimulates eNOS-mediated NO production and increases [cGMP] i in ventricular myocytes. The present study shows, for the first time in ventricular myocytes, that Ucn2 augments cellular NO production via stimulation of eNOS (through phosphorylation at Ser1177), as evident from its suppression by eNOS inhibitors. The time courses of eNOS phosphorylation and stimulation of cellular NO production were very similar: both started to increase after ϳ5 min and were maximal after ϳ15-30 min. Furthermore, both eNOS phosphorylation and cellular NO production were attenuated by inhibition of PI3K-PDK-Akt and cAMP-PKA signaling, Fig. 9 . Scheme illustrating the signaling pathways activated by Ucn2 in rabbit ventricular myocytes to induce increased production of NO via eNOS phosphorylation at Ser1177. NO, in turn, stimulates sGC to increase cGMP concentration. Arrows indicate activation, phosphorylation or increased production. Enzyme inhibitors and receptor antagonists used in this study and their respective targets are shown with blunt arrows. The CRFR2-PKA-dependent increase in [Ca 2ϩ ]i transients was demonstrated in a previous study in these cells (42) . PDK, phosphoinositide-dependent kinase; FSK, forskolin; AC, adenylyl cyclase.
indicating that the two pathways are activated by Ucn2 and are major mediators of this Ucn2 effect in cardiac myocytes. The Ucn2-induced increase in eNOS-mediated NO signaling stimulated sGC to increase [cGMP] i (Figs. 7 and 9) . Interestingly, the Ucn2-induced increase in [cGMP] was inhibited only partially by ODQ, suggesting that mechanisms other than sGC contributed to it. Such mechanisms may include activation of particulate GC through ANP or BNP, as previously it was demonstrated in neonatal cardiac myocytes that Ucn2 stimulates both ANP and BNP release (19) . Whatever the cause of the additional cGMP increase, however, the results clearly revealed a new signaling pathway induced by Ucn2 in adult ventricular myocytes: Ucn2 stimulates eNOS-NO-sGC-cGMP signaling. Activation of this pathway has widespread implications for regulation of cardiac function by Ucn2, as it may affect various cellular effects of Ucn2 including modulation of excitation-contraction coupling.
Ucn2 increases contractility: possible role of eNOS-mediated NO increase. Fractional shortening of ventricular myocytes was increased by Ucn2, as observed in previous studies, e.g., Refs. 5, 42, 43. It is mediated by an increase of the Ca 2ϩ transient caused by activation of cAMP-PKA, CaMKII, and PKC-ERK signaling (5, 42, 43 ). In the current study, the increase in fractional shortening occurred with a similar time course as the Ucn2-induced phosphorylation of eNOS and stimulation of NO production. Furthermore, when the Ucn2-induced NO increase was attenuated, by inhibition of eNOS or PI3K-PDK-Akt and cAMP-PKA signaling, the increase in fractional shortening was reduced likewise. This suggests that NO signaling and the positive inotropic effect of Ucn2 are linked. In the heart, NO can either increase or decrease contractility, depending on the subcellular location and amount of NO release (15, 25) . Low NO concentrations increase cell shortening, whereas high NO concentrations (induced by exogenous NO donors or activation of inducible NOS) decrease cell shortening (25) . NO can modulate contractility via thiol nitrosylation of proteins involved in excitation-contraction coupling or via cGMP-PKG signaling, which in turn may affect proteins involved in excitation-contraction coupling (15, 27) . cGMP can modulate cAMP-PKA signaling via regulation of cyclic nucleotide phosphodiesterases (PDE). cGMP stimulates PDE2 and inhibits PDE3 (11). PDE3 is a major cardiac isoform, which is highly expressed in rabbit heart (30) . Low levels of NO and cGMP increase cardiac L-type Ca 2ϩ currents in a cAMP-PKA-dependent manner via inhibition of PDE3 (11, 22, 38) . Here we observed that Ucn2 caused rather small increases in NO and cGMP levels (compared with the exogenous NO donor), suggesting that cGMP-dependent inhibition of PDE3 might have contributed to the positive inotropic effect of Ucn2 in rabbit ventricular myocytes. Further experiments are required, however, to confirm this notion.
Conclusions. Ucn2 stimulates eNOS-mediated NO and cGMP signaling and contractility in ventricular myocytes. This may contribute to the beneficial effects of urocortins in normal hearts. The redundancy in eNOS phosphorylation at Ser1177, its phosphorylation by two separate signaling pathways (PI3K-PDK-Akt and cAMP-PKA), may ensure robust phosphorylation of eNOS even under pathological conditions.
